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ABSTRACT

Experimental and theoretical investigations of end-loss, end-stop-
pering, stabillty, and heating in l.hear theta pinches have been conducted.
Effart:J of groups at the Los Alamos Scientific Laboratory (LASL) ,
Mathematical Sciences Northwest (MSNW), and the University of Washington
(UW) arc reported. At J.ASL, the exp

105 x ~O!~imen$al

results from the high energy
(Te + Ti = 3.3 keV, n= = cm- ) 5-m Scylla IV-P theta pinch
support the following; (i) Single mode m=l “wobble” instability rotation
frequencies of - 180 kHz are associated wirh a~ial wavelengths of
400-800 cm. (2) Ion thetmal conduction is an unimportant loss mechanism.
(3) Evidence of rarefaction-like waves is seen. (4) The normalized end-loss
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time is independent of the plasma beta and collisionality regime.

(5) Plasma flow from the ends remains collimated and convects magnetic
fields. (6) LiD end plugs produce a three-fold increase in energy
containment time over the open-ended configuration. Theoretical wozk dt

LASL has demonstrated the following; (1) An explanation of the m=l “wobble”
instability has been formulated. (2) A correct description of end-loss must

Include the magnetic curvature term in the axial momentum equation. !-lirrors

Increase the lifetime of a collislonal plasma less than guiding center

theory predicts. (3) Ma\’,neticfield gradient drift can reduce the growth
rate of the universal dri~”t instability. (4) Collisionl.ess magnetoacoustlc
heating can he an effective heatin~ mechanism in theta pinch
CCJ2laser heating of low energy (Te z Ti = 2 eV, ne = 2 x 1077 “CM3 ;’;:;;;:

is accomplished over a one-meter column length. Maintenance of a on-axis
density minimum is demonstrated.

*Work performed under the auspic~s of the U. S. Department

INTROI)UCTION

High energy thcrmon,~clear plasmas can be generated

of Energy.

in linear thet(l
pinches. Areas of current interest in the fusiol~ application of these
devices include end-loss, stability, and Ileating. End losses, which present
a fundamental limitation on the plasma energy containment time, result from
particle 10s: through the theta-pinch open ends and axial thermal conduction
losses along the magr:etic field lines. To obtain relevant fusion reactor
designs, the detailed mechanisms involved in these end-loss processes must
be identified 3nd effective cncl-str)ppering techniqlles developed. ‘ In
addition, an understanding of tl~e plasma stability characteristics is
required; the m=1 “wobble” is the only observed M1!D instability of
significance in Ilighenergy theta-pinches. Tile development of alternative
plasma heating techniqlJeswould also enhance the theta-pinch reactor concept
and reduce the technological demands presented by implosion Ilcating.

In this paper experimental and theoretical studies of end-loss, end-
stoppering, stability, and heating in linear theta pinches are presented.
Efforts of groups at the :.0sAlamos Scientific Laboratory (LAS].),
Mathematical Sciences Northwest (MS_NW), and the University of Washington
(LTJ) are reported. Experiments on the LASL high energy Scylla IV-P thctn
pinch have been directed tow rds the investigation of particle and thermal
10SSCS, the plasma flow and magnetic field Ir,teraction processes ne,~r the
coil ends, end-loss suppression using solid material end plu[;s, and the
plasma stability characteristics. Theoretical efforts at LASL ha!~e dealt
with the driving mechanisms of the ~hservcd mnl “wobble” instability,
numerical studies of particle end-loss, instability effect on radial
diffusion, and mannetoacoustic hei]tlng methods. The iriteracklon of co ~
laser radiation with theta-pinch like plasma columns is being studied at
MSNW and UW. In these experiments the channeling of the laser light along
the axis of a partially ionized plasma column, and the resultant heating is
investigated.

.
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1! )L SCYI.!.AIV-P TIIET.4-PIXCHF.XPERIME?TTS WITHOIX END PLUGS

.1. Ttreta-Pinrh Experimental Arrangement. Scylla IV-P has a maximum

el..-.gystorage of 2 YJ at 60 kV primary bank voltage. .sfx-hundred 1.8-uF
capacitors feed the 500-cm long, 11.2-cm dia. single-turn compression coil.
Primary bank operation at 45 kV generates a vacuum E. of 0.6 kV/cm .It the
inside wall of the 8.8 cm id. qu~rtz dischar~’,etube and a peak compression
field, Bz, of f+.8T is obt~ined 3. I us after discharge initiation. A
crowbar system extends the magnetic field in time with an L/R decay of 110
us. The experimental results discussed below are obtained at 45 kV primaty
bank voltage and with a th’ta-pinch fill pressure of 10 mTorr D2. To
provide access for optical and internal plasma diagnostics in the
theta-pinch end regions, each cnd of the discharge tube is terminated, 4.5
cm beyond the coil ends, within a quartz expansion chamber. The chambers
are 20-cm in dia., 45-cm long, and end-s~lpported by 20-cm dia. metal vacuum
tees.

1.2. Plasma Par,7mcters. The plasroa column total particle inventory,
Nc?, and axially averaged peak density, na, are determined from holographic
ruby laser end-on interferograms. Near Lhe time of peak magnetic field when
tile plasma colum.1 is }Iighly symmetric and instability free, the plasma
radius, a, is obtainccl from the intcrferometrical.ly measured radial density
profiles; a correction for refractive bending of the interferometer laser
li~ht IS ilppli~d. Tl~conset of a finite wavelength m=l instability at t z 5
IIS distorts tllc radial, density profiles recorded on the interfer ams .

7%$ ‘eplasma radius is then determined from the relation a = (Ne/~naL) , where L
is tilecoil len{;thm It should be noted that the low density plasma “halo”
ol)served to surround the central plasma column for times t > 15 us is noL
includr~d in the Interferogram analysis. A diamagnetic l~op and probe
arran};emc,ntat the coil miclplane is used to measure the magnetic flux, A$,
exclur]oclby tileplasma. The excluded flux measurement is ccmbined with the
plasma radius data to obtain the peak plasma beta, ea. The2total plasma
temperature is estima::ed from pressure balance, Te + Ti = 13aBz/n,k8n. The
electron temperature, Te, also measured at the coil.midplane, is ~etermined

sca tcring. The peak magnetic field plasma parameters are:
‘ro~ Y; ‘;”;;ft cm-$,n Te + Ti z 3.3keV, Te =570 cV, B z 0.9 and a 2 1.0<a
cm. %At t = 6.0 us, after the magnetic field has passed t rough its maximum
oscillation and the crowbar has become effective, the plasma parameters are:

16 T +Ti z 2.3kcV, Te 2 440eV, Baz 0.6and a= 1.2 cm.n :0.9X 10,C<a

1.3. Pl:lsma Stabilitl. ThC plasma stability characteristics are
dcter~ccl from side-viewin~ stereo streak p!~otograpns and a~~axial array of
18 (9 vertical and 9 horizontal viewing) optical plasma-position detectors.
Figure 1 presents a typical stereo streak photograph taken near the coil
midplane. The upper streak shows the plasma viewed from the top of the
coil, and the lower streak shows the plasmn viewed from the coil front. The
sli~ht curvature evident at early times (t < 5 LIS)results from the effect
of the theta-pinch magnetic field on the camera image converter ,:ube. The
MHD stable plasma column is disrupted by the onset of the rr-! “wobble.”
instability at t = 5 Ps, which ;9 about the time required for an A.f6en wave
to propagate from the theta-pinch ends to the midplane. The following
characteristics of the “wobble” instability have been identified: (1) The
column rotates in the direction [’xpected for ion rotation. (2) When the
column displays a single mode, it rotates in a plane with a node near the
coil midplanc. (3) Single mode rotation frequencies of 180 ~ 80 kHz are

associated with wavelengths of 400 to 800 cm; howevzr, frequencies of ubout
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twice thl.s value have been observed in conjunction with wavelengths of 200
to 400 cm during at least part of the discharge in localized regions of the
pinch. (4) The peak amplitude of the motion is about 2 cm.

Despite a substantial number of theoretical investigations of plasma
rotation in theta pinches, only recently has an adequate explanation for the
~=1 “wobble” instability been provided [1]. The plasma stability is
determined by solving the eigenvalue problem for the rotating plasma ,as
described by the f nite Larmor radius

i
fluid equatior.s including the effects

of finite B and k ~ 0, where k is the disturbance axial wavenumber. T’he
results of these calc(llations indicate that the stability threshold,
measured in terms of rotation, for the experimentally-observed rn=l,n=O mode
is the lowest of any mode (including m=2, n=O and m=l, n=l), and in this
sense it is the worst mode (m is the :.zimuthal mode number and n the number
of radial nodes). Contrary to ear21y intuition, the fastest m=l, n=O growth

2rate occurs for k > 0, while k = O is neutrally stable. When both the
m=l, n=o and m=2, n=O modes are unstable, the growth rate for the latter is
greater than the m=l, n=O growth rate by a factor of about 5. Goc~d
agreement with the Scylla IV-P experiment is obtained by assuming that
plasma conditions arc near the completely end-shorted state, and that the
column has a small positive charge (as arises from ambipolar potentials).
In particular, the plasma parameters appear to be i,] the regime where only
m=l, n=O is unstable, and m=2, n=O is below threshold. For complete
snorting and no column potential, the theory predicts neutral stability in
contradiction to the experimental observations noted above.

1.4. I%erEy and Particle Containmen~. The time histori~s of the total—
plasma temperature and electron temperature are shown in Fig. 2. The total
temperature has been experimentally determined both from pressure balance,
and from estimates of the ion temperature obtained from the neutron emission
rate (measured with plastic scintillation detectors) combined with the
electron temperature from Thomson scattering. The solid lines indicate the
results of a recently-developed time dependent, zero-dimensional }lHII
particle and heat-flow code [21, which is used here to model the plasrni~

conditions at the coil midplane. The low values of measured Te, relative to
T + Ti, result from preferential ion heating during the implosion phase ancl
Fe ectron heat conduction to the cold material walls at the theta-pinch ends.

For t > 10 IJS, the zero-temperature boundary condition MHD code, w~~ich
utilize- classical electron thermal conduction, predicts Te in agreement

with experiment. Delaying the onset of electron thermal conduction for

3-6 US in the code results in electron temperature predictions which are in
good agreement “ith all the experimental data points. This suggests that a

finite time is required for the plasma to flow from the theta-pinch ends,
contact a

1
cold material w~ll, and establish a zero-temperature boundary

condition. The characteristic electron thermal conduction time,

approximated as T: = (3/2) nek(L/2)2/Kf where K; is the parallel electron
thermal conductive.ty~ is about 1.5 DS at peak field.

lA~ pcinte$ermalout by Dr. H. R. Griem, the question of energy deposition by

electron conduction to the relatively cold plasma flow in the

expansion chambers remains unresolved.
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The time history of Te + Ti predicted by the MHD code generally
overestimates the measured total temperature decay rate. However, the code

does indicate that the ion temperatures are several times greater than the
electron temperatures, as observed experimentally, and is obtained by
eliminating ion thermal conduction losses in the simulation.
Experimentally, the ions are collisionless and thus classical ion thermal
conduction, which is a diffusive process resulting from ion-ion ccllisional
interactions, cannot be supported. The ion-ion mean free path, A
- 700 cm at peak field and approaches L only at late times, t > %’ &
A = 30 cm at peak magnetic field. Accordingly the ions are collisionless
tl%oughout the observed pLasma lifetime while the electron population
remains collision dominated. The ions lose energy via axial convection arid
by energy transfer to the lower energy electrons. Ion energy transfer to
the collisional electron population accounts for tl~eobserved slow decay of
Te compared to T:. Based on the peak field parameters, the e-folding time

constar,t for ion-electron energy transfer is about 40 PS.

The total plasma energy per unit length, El, is obtained from
measurements of A5 and B=. usirlg the pre7ssure balance condition and
approximating the peak beta as P = 2 A+/Elr a“, El can be expressed as Eg =
BzA+/4T. Figure 3 presents t~e time ~istory of EL measured at the
theta-pinch midplane. The solid line gives the results of the NHD code.
For t < 5 PS, Et 1S dominated by the rapid rise and fall of Bz. The
quiescc~lt period between 5 and 7 us in which Eg remains constant is
terminated by the onset, at t 2 7 IJS,of an abrupt decay. This observation
cannot be explained by the gradual decay in Bz but rather results from the
onset of convective tner~y losses at the coil midplane. In collisional
plasmas, the onset of convective losses is initiated by the arrival of
rarefaction waves from the plasma calumn ends at t = L/2V, where V is the
wave speed. The results of the collisional Scylla I-C experiment suggest
that the rarefaction waves propa~ate inward at the cusp speed U [3]. For
the Scylla IV-P experiment L/21_!s 7 DS which corresponds to the observed EL
decay onset time; axial. flow is initiated in the code at this time. A
kinetic treatment [4] of the end-loss processes in collisionless plasmas
predicts tra[)sient phenomena similar to collisional rarefaction waves. The
estimated onset time of convective losses from the kinetic approach is in
qualitative agreement with experimer,t [5]. Thus, although the detailed
processes involved in the communication of the theta-pinch ends with plasma
at the midplane are different in collisional and collisionless plasmas, the
observed large-scale phenomena are similar, i.e., what would appear to be
inward propagating “wave~” can be identified in both collisionality regimes.

The time evolution of tileelectron inventory, Ne, of the central plasma
column, obtained from tl~e end-on Interferograms neglecting the “halo”
plasma, is presented in Fig. 4. The basic phenomenolcgy of the inventory
time history is identical to that observed in previous high-energy
theta-pinch experiments. Specifically, Ne remains constant for ~:i initial
period of about 6 to 8 us d lr,~tionbefore an exponential decay is observed.
The cause of this initial plateau has been identified in the present experi-
ment and will be diqcussed below. A least squares fit to the data of
Fig. 4, for t ~ 6 PS, yields an e-folding end-loss time T of 12.5 ~ 0.5 B_

J.5* Plasma Flow from the rheta-Pinch Ends. The characteristics of
the plasma flow into the end expansion chambers are studieti
photographically, spectroscopically, with magnetic flux loops , and
internally with magnetic field probes and a pressure probe eensitlve to
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local particle momentum flux [5]. The plasma flow out of the theta-pinch
ends is preceded by an axially outward propagating shock wave initiated
during the implosion phase and identified photographically and from local
pressure measurements. The impact pressure of the o!lt-flow plasma following
the shock wave is measured with a 2 nun dia. acoustic delay line

piezoelectric pressure sensor inserted axially into an end expansion

chamber. Local pressure measurements are made at various axial positions
between the coil end and 26 cm downstream from the end, and extend radially
over the diameter of the exp?nsion chamber. From the pressure measurements

[5,61 a highly collimated (little radial expansion) axial plasma flow iS
observed for the entire duration of the experimental observation time (. 40
us). The axially-flowing plasma is believed to expand to the walls as it

enters the metal vacuu,n tees located - 50 cm from the coil ends. The
collimation of the end-flow plasma results in the initial period of constant
electron inventory ob~?erved interfernmetrically. Since the end-on
interferometer responds to all the electrons within the laser beam path, and
since the plasma front foilowing the initial shock wave does not expand out
of the interferometer field of view for several microseconds no decrease in
Ne will be detected during this time.

From local magnetic field probe measurements, exclusion of the magnetic
field from the expansion chamber is observed until after passage of the
shock wave. Near thp.expansion chamber axis, the magnitude of the magnetic
field within the plasma following behind the shock wave exceeds the vac(lull
field value. These results not only indicate that the magnetic fieid
structure external to the theta-pinch coil is distorted in the presence of
plasma bijt.also that. magnetic field is “frczen” into the plasma and
convected axially with the flow.

1.6. Particle End-Loss Time. In the determination of the end-loss
time T, the data within the period of artificially constant Ne (t < 6 w)
was not included in the analysis. To obtain a consistent coflparison, the
electron inventory data from previous nigh-energy theta-pinch experiments
have been re-analyzed neglecting the period of constant Ne. For comparison
Wi ttl theory the measured particle end-loss time is expressed as
T = (L/2)[mi/2k(Te + Ti)ll’2 n, where n is a normalizing parameter repre-
senting the ratio of measured end-loss time to thermal-transit time. In
Fig. 5, ~ iS plotted against f3a. The solid lines identify existing
theories, reviewed in Ref. [7] and the X’s mark the results of a recent
numerical treatment [8] discussed in section 3,1.. The data points (based
on peak field plasma conditions) are from the collisiol~less Scylla IV-P,
Scylla IV-3 [9] and linear Scyllac [10] experiments and the colli-
sion-dominated Scylla I-C experiment [3]. Examination of Fig. 5 indicates
the following: (1) for all experiments the measured particle end-loss times
are between 2.2 and 2.8 thermal. transit times, (2) the experimental values
cf rI do not display an identifiable dependence on B , and (3) the experi-

?mental values of n are independent of the plasma CO1l sionality regime.

2. IASL SCYLLA IV-P THETA-I’lNCH EXPERIMENTS WITH SOLID END PLUGS

End-stoppering experiments using solid silicon dioxide (quartz), boron
nitride (13N),and lithium deuteride (LiD) end plugs have been performed on
Scylla IV-P. The plugs are cylindrically shaped, 5 cm in diameter and
3.8 cm thick. The front face of each plug is inserted . 5 cm inside the
ends of the theta-pinch coil. Iriitial experiments [11] using the quartz
plugs demonstrated the following: (1) the stability of the plasma column is
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improved compared to the open-ended case, the m=l instability being rapidly

damped, (2) plasma does not flow past the plugs and out of the theta-pinch
ends, (3) the total plzsinaneutron yield measured with the nlugs inserted is
about equal to that measured without the plugs. Ablation of the quartz plug

surface amounted to less than 1 ~m of plug material ablated per discharge!
with about O.1 % of the plasma energy invested in the ablation process.
Only a slight increase (- 207;) in energy-confinement was measured with the
quartz plugs. Particle and energy flow to the end-plug region and energy
losses by atomic proc~” s (primarily radiation) in this region dominated
the energy confinemc e theta-pinch midplane.. In an attempt to reduce
the znergy loss b] processes, more recent experiments have been
conducted using the (Z = atomic number) BN and LiD plugs. Results
(1)-(3) noted above a. .O observed in the BN and LiD end-plug experi-
ments.

2.1. Density Measurements in the Plasma-Plug Interaction Region.
Side-~wing ruby laser interferometry is used to observe the ablated plasma
near the end-plug surface. Figure 6 presents radial density profiles
determined from Abel inversion of the interferometer fririge shift profiles
recorded at early times during the discharge for the BN and LiD end plugs.
For the BE! plugs (Fig. 6a) the density profile close to the plug face

(z=O.I cm) is nearly Gaussian with an e-folding radius about equal to that
of the plasma column radius and with peak densi ~~es ~~sulting from ablation
and subsequent ionization in excess of 5 x 10 cm . At axial positions
z > 0.1 cm the ablated BN plug material is concentrated at the outer edge of

the column where the axial pressure is less than on the column axis,
resulting in annular density profiles. The axial electron line density is
determined from area integration over the BN plug radial density profiles.
Analysis of the line density profiles shows that the ablation layer
formation time is 1-1.5 PS and that the layer attains a thickness of about
1 cm at t s 5 Ps. After this time the line density slowly decreases,
indicating an attenuation in the plug material ablation rate. With the BN
end plugs the time history of El’ measured at the coil midplane, Is
approximately the same as that measured with the quartz plugs.

LiD is the lowest-Z solid end-plug material available at room
temperature. The line radiation from this material should be burned through
at an electron temperature of 100 eV. Side-on intcrferograms obtained with
the LiD plugs indicate a higher density of ablated plug material than
observed for the BN end-plugs. A sufficic?nt quantity of plug material is
ablated and ianized in the first two microseconds of the discharge such that
the interferogram fringes within a centimeter of the plug face are
completely cbscured. Typical radial density profiles obtained with the LID
end plugs are shown in Fig. 6b. As with the BN plugs a high electron
density is observed at the outer edge of the plasma column. However, with
ttie LiD plugs a high ablated plug material electron density is also neasured
along the plasma column axis. From line density analysis, the ablation
layer forma:ion time is about 1-2 us. The layer attains a thickness of
about 3 cm ac t 2 5 Ps. Tne ablation process is attenuated for t > 5 PS.

2.2* Fncrgy Line-Density Measurements with LiD End Plugs. With the
LiD plugs, Eg measurements at the theta-pinch midplane show a significant
increase in energy confinement time over that obtained in the open-ended
geometry and with higher-Z end plugs. The time history of El with and
without the LiD plugs is presented in Fig. 7. With the LiD plugs the energy
cor,tainment time? TF, is increased over a factor of three (from 9 to 29 US)
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above that measured with open ends. This result is in agreement with the
MHD code calculations shown in Fig. 3, ~r. which the axial plasma fiow is
stopped and the decay of the midplane plasma energy is dominated by electron
thermal conduction to non-radiating ablated plug material and the decay of
the confining magnetic field. The calculated [12] line and continuum
radiation losses from the LiD plugs are significantly less than that from
the higher-Z plugs. In addition, a much higher density of ablated material
is experimentally observed to propagate into the plasma column with LID
plugs than with the BN plugs. These results indicate that radiation losses
with tk,e LiD plugs are small enough to permit tile formation of an ablation
zone of sufficient pressure to impede the axial flow and associated energy
losses of the deuterium plasma.

3. LAST.LINEAR THETA-PINC}i THEORETICAL RESEARCH

3.1. Endless Studies. The computed m values shown in Fig. 5 by the
X’s are the result of a study of end-loss in which the time-dependent
equations for magnetohydrodynar,ic flow in two dimensions are solved
nu,nerically [81. Other qualitative results of this study are: (1) The total
mass in a theta pinch decays exponentially in time due to end-loss with an
end-loss time which is proportional to length. (2) The end-loss time is
insensitive to the boundary conditions at the outflow ends. That is, the
end-l~ss time with free expansion at the end, as in the case of a long guide
field, is virtually identical to the end-loss time with zero pressure, as in
the case of a high-Z end plug. (3) The end-loss time, normalized to the
thermal transit time, n, is significantly different from other theories
(cf. Fig. 5), especially in its lack of dependence on the plasma beta [71.
The end-loss time agrees relatively well with e~perimental data.

A study of the results of the numerical calculations indicates the
magnetic field curvature term contributes significantly to the axial
momentum equation, and may account for the difference between the results of
two-dimensional and one-dimensional solutions of the time depende~t
eq[’ations [13]. The axial momentum equation is written as follows,

+U :+W +
ap

z
. Br

aBz

ar

a B2
(+)

+2 o 4 -9 -3 0,

where P and p are the plasma de~sity and pressure, u, Br, w and Bz, the
components of velocity and mag[).-ticfield in r and z respectively. Below
each term IS its typical relztive value in the numerical solutions. Note
that BraBz/ar is comparable to i3p/az,and therefore will have a significant
effect on the axial flow. The absence of this term, among others, in the
one dimensional approximation probably accounts for the difference in the
computed values of n between the one- and two-dimenslon~l solutions. (The
simplest description of end-loss may result from the long, thin
approximation, a/L << 1, wll.’rea is the plasma radius and L the length of
the theta pinch [141. In this aJ1p.~OXimation. only the last term in the
above equation iS 0((a/L)2) and may be deleted. However, no comparable
solutions of the ordered equations are available.)
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The results of a study of the effect of single mirrors on plasma

confinement are shown in Fig. 8. There, the variation of n with mirror
ratio, M, is shown for 0.25 ~ M ~ 4, and compared with measurements made on
linear Scyllac [10]. In agreement with that experiment, the mirrors reduce
end-loss, but much less effectively than guidq.ng center theory predicts.

3,~, Mapnetic Cradient Effects on the Universal Instability. The
density gradient driven universal instability is expected to govern radial
diffusion in theta-pinch plasmas on fusion time and distance scales since,
unlike other cross-field instabilities, it is unstable for arbitrarily small
defisity gradients. However, finite plasma beta (either due to the inclusion
of magnetic gradient or electromagnetic effects) tends to reduce the growth
rate of the universal instability and can even stabilize it [15]. Here the
linear Vlasov theory of the universal instability in a unidirectional
magnetic field (B = 2B) is considered in the slab model with the local
approximation in the electrostatic limit but including the full resonant
effects of a magnetic field gradient drift. Inclusion of the -~ drift
requires expression of the linear dispersion relation in terms of an
integral over v1, the perpendicular drift speed . Solutions to the
dispersion relation computed without approximation demonstrate that the
effect of a magnetic field gradient (expressed heie in terms of the local
ion beta, ‘i = 8nnkTi/B2) is to reduce the maximum growth rate Ym of the
universal instability. Numerical analysis demonstrates that the ion V13
effects are more important than the corresponding electron contribution=,
but that both act to reduce the growth rate. The increased damping is due
to velocity space broadening of the electron Landau resonance driving term
and a similar extension of the ion Landau damping term into the resonant ion
region. The velocity broadening of th~ electron resonance is small compared
to the width of the electron distribution, and these computations have
demonstrated that expansion of the elec:ron susceptibility to first order in
the reciprocal magnetic gradier.t scale length (EB) yields results equivalent
to those from the full integral. However, a relatively small value of Bi
brings the VB resonance well Into the ion distribution, and vzrious
approximations to the ion susceptibility fail as Bi increases. One
approximation, ar expansion of the ion susceptibility to first order in EB,

yields a maximum growth rate that agrees with the exact result to within a
few percent for only rather low values of t3-,fi+< 0.02, and is roughly 60;:
larger at modest !3i= 0.2, for typical p~~ameters (Ti = T , m. = 3674~i’
m, ratio of electron-ion relative drift speed to ion therm.1 speeed
Ae second approximat,ion, which involves replacing t,e “; ~actor::; o:;:

Fried-Conte function with 2 Ti/mi, is somewhat better. The maximum growth
rate computed with this approximation agrees with the exact result t.owithin
2% for 13i< 0.08 and is only 20% larger at (3i= 0.2.

3.3. MaRnetoacoustic Heating. Magnetoacoustic heating is an
attractive method for preferentially heating plasma ions when an appropriate
dissipative mechanism exists at a convenient magnetoacoustic resonant
frequency. The observations of collisionless damping of magnetoacoustic
waves in a high-beta plasma [16j are experimental evidence for the existence
of a dissipative mechanism in a collisionless plasma. For a linear theta
pinch, magnetoacoustic heating would not impose a lj.mitation on end-stop-
pering schemes. With a judicious” choice of parameters, rnagnetoacoustic
heating may allow the use of lower values of induced RF electric fields than
are required when implosion heating is the sole mettiod of heating.
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We have studied theoretically the physics relevant to magnetoacoustic
heating of a screw pinch (equivalent to a theta pinch tien B8 = O) in a col-
lisioniess plasma regime by two approaches and we are applying the results
to cases of experimental interest. Heating times and associated induced RF
electric fields have been computed. Both approaches are based on the
Vlasov-fluid model [17] in which collisionless ions an? massless, fl.,iid
electrons are treated under the assumptions of quasi charge neutrality and
negligible displacement current. The two approaches differ witi, respect t,>
their ordering of small parameters and with respect to their treatment of
the boundary between the plasma and a surrounding vacuum. In the first
treatment, [18] the techniques of earlier analyses [19] have been combined
with an ordering scheme adapted to the study of magnetoacoustic waves. The
basic smallness parameter IS the ratio (ion gyroradius)/(plasma radius); in

terms of that parameter, the quantities local plzsma beta, (plasma
radius)/(any scale length of the wave), and (phase velocity along the
magnetic field)/(ion thermal velocity) are assumed to be of order unity.
This ordering scheme applied to the Vlzsov-fluid model provides a ph~SiCa-.

description of the plasma which contains kinetic effects along the magnetic
field lines but retains only fluid-like effects transverse to the field
lines; finitz-ion-gyroradius effects do noi contribute in leading order. A
basic result cf applying this description to a pinch configuration is the
identification of ion Landau damping as a viable dissipative mechanism for
converting magnetoacoustic wave energy into ion thermal energy [18]. Tne
Landau damping causes a phase shift in the response of the plasma relative
to t’lephase of an imposed oscillation of the confining magnetic field; this
shift is responsible for the dissipation. At a magnetoac~ustic resonance
the amplitude of tileplasma resporse and the associated rate of dl.ssipation
peak. The total rate of energy dissipation is obtained by calculating the
Poynting vector external tc the plasma column. That the energy (dissipated
is converted completely into ion thermal energy is proved by use of a
thermal transport equation ci~r-~vedfrom the ion Vlasov equation. In order
to obtain the shortest doubling time, Td, for the plasma energy with the
least induced RF electric field, E, it appears desirable to operate at a
ratio of (phase velocity along the magnetic field)/(ion thermal velocity)
roughly equzl to O.7. For theta pinch parameters, t’ehave obtail.cd Td’s on

the order of 10-4 s with iields E on the order of 80V/cm.

In the second approach, the effect of finite ion gyroraciius on map -
acoustic heating of a sharp-boundary screw pinch is being studied. In 5.
to take proper account of the sharp boundary, the starting equations .
those derived previously for applying the Vlasov-fluid model to a
sharp-boundary screw pinch [20]. Within the pinch the collisic~nless
Boltzmann equation for the Vlasov-fluid model has been solved analyt.lcally
for small values compared to unity of krL and U/OJci, where k is the largest
relevant wavenumber, rL is the ion gyroradius, w is the frequency, and Uci
is the ion cyclotron frequency. Finite-ion-gyroradius effects were kept to
zeroth and first order and the solution is valid up to the sharp boundary.
Because this approach uses a more general ordering, it also should be
possible to determine whether dissipative mechanisms other than Landau
damping are operative for magnetoa
A differential equatio~ofor ~ ~A~Y~stic ‘ea’~~~ ‘n acol~l~ionless pla~~ao“gx~ where ~ = perturbation
vector potential and ~ = equilibrium magnetic field) containing finite
gyroradius effects was derived by substituting the solution of the colli-

sionless boltzmann equation into the transverse force-balance equation (the
to 1?of the Maxwell V x B equation).component perpendicular - An analytical+.

solution of the equation for $ was used to calculate the heating of the
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pinch in the presence
cylindiic~l surface in

of an oscillatory
the vacuum region

Kumerical studies have been made to examine

dr~ving electric field on a
surrounding the pinch [21].
the primary ❑=O magnetoacoustic

resoriance in sharp-boundary pinches whose equilibrium parameters were chosen
to model the staged theta pinch experiment at LASL [22]. The dependence of
the heating rate upon rL/ro and kro wcs investigated, where r. is the pinch
radius . The numerical results, which are quite similar for both experi-
mrnLs, can be summarized as follows: 1) For large axial wavelengths (kro <
~.ol),the resbnance IS (:xtremely narrow and is little affected by changes in

rL/ro. Because of the narrowness of the resonance, absorption of such long
w.lvelength waves is uninteresting as a practical heating mechanism. 2) For

axial wavelengths such t~at kro E 2, the resonance is quite different. For

example, with rL/ro = 0.01, the full width at half maximum is in the range
of a few to several pelcent, and maximum values of Q (the heating rate
normalized to the plasma kinetic energy) in the range of 0.0005 Wci to 0.02
u . have been computed for a driving electric field of 50 V/cm.

Ci
The late of

co l.isionlessabsorption for these short axial wavelengths can be very large
and may provide a useful. heating mechanism for fusion experiments. The
plasma response iind the heatin:; rate 1“~ exhibit radial structure whose
scale length is of the order of rL.

4. MSN!J-UW C02 LASER HEATED SOLENOID RESEARCH

The laser heated scllenoid fusion concept xas formulated to take
advantage of the fortuitous match between the absorption length for C02
laser radiation at 10.6 urrof reactor grade plasmas and the length needed to
achieve net energy output. from open-ended linear reactors. The principal
requirement of this approach is the necessity of channeling Lhe laser
radiation along the centerline of a solenoidal magnet over long column
lengths through the formation and maintena,~ce of an on-axis electron density

minimum in the plasma. This minimum can be created either by laser
breakdown of a neutral gas in a steady magnetic field or by a combination of
laser heating and theta pinch implosion in a rising magnetic field. me
latter method, by which the plasma is removed from the wall, 1S the subject:
of the present experimcntz- In this case, the density minimum must be
maintained against diffu:;ive erosion frcm the vacuum boundary.

Beam propagation and heating has been investigated in two separate
experiments, one at MSNU employing severai kJ’s of C02 laser radiation in a
2 US pulse to heat plasma cclumns contained in a l-meter long, 3,8 cm bore
solenoid producing a magnetic field rising to 6 T in a 4. 7 US. Experiments
at the UW utilize a 1 kJ laser and a 22-cm long, 3.3 cm bore solenoid
producing a magnetic field rising to 14 T in 4.2 US.

4.1. One-Meter Experiment (MSNW). The MSNW exper{.ment is described in

detail in Ref. [23]. A 35-cm diameter annular laser beam is focused to a
2 mm spot size by a 5-meter focal length mirror. D?3magnetic 100PS measure
the excluded flux at ej:her end and in the center Gf the solenoid.
Cross-tube time dependent Interferometry, radial streak photography, and
time dependent spectroscopy are performed through slots at the magnet

center. The entire vacuum chamber is statically filled w~th hydrogen or
deuterium at pressures between 0.25 to 2.0 mTorr. The heating results at
low and high pressures are remarkably different, reflecting the ability to
maintain the on-axis density minimum necessary for beam trapping.



Fi\:llrc 101) sii,~ti!+ Ll)(’ calrll]:ltvd pl,lsrn(l profi ]rs :I!Ya fllnctinn of L{m(’
for Lllis exp(,r[m(’l-,t.1-11(,V SIIOW n (I[rl:;ityw(,I1 p(lrsisLln[;tl]r:)(]flho!]ttll(’
2 IISI,nserpIIl:;,’. l;x[)(~rjm(’nt!+r:lrr:(,dollt on a .shortf.’rso][’rlnld in tll~.[l’
exl]crim(,nt, wll~lrc~ilxi:ll lrlt(lr fl.lr,)nl(JLry is possi.hle, confirm tl)is dc(lsity
mllliinllr? lot lI1f;h fil1 pr,?ssllrrl:.Ttl[lappf’ar:lnccof Lhc 3434 A“ Cvl line in
spcctr.,l;,.aphicm~mas(lrc’m(’ntsconfirms t})cpeak calc(llatrd Lempl?r,ntur~’s. l)u l-’
E(J tll~ ]Ii};h d{’llSit.y,tllceli}ctron ill’lci ion t(~mperaturcs ilrc nearly equal and
chc decay in pc,:k tcmprr.ltllrcaftrc the l.,=cr P1lISO is du:: to thurmal
condu[:tion and radiilleqllf.1~briltl~n. W!lilc t!lc?lilsc’t-pll]se is 01), a stronx

thcrmoclt’rtric effect produces a fl= 1 condition in the ccntcr of the
plasma, which is rcduccd CIIICto diffusion to (3= 0.65 at 4 US. ‘Ihcsc cxpcr-

Imcnts clearly inriic.nte efficient hcdm trapping, milintcn:.lnc~of a density
mjnim~~m, heating and subscqu{~rttadinbntic compression of the plasma. Based
on this s(IccesH, the magnet length is bf?ing extended to 3-m, the peak firld
to 15 T with a 8 DS rise time, and the laser cner[;y incrcils~?dto ab~ut 8 kJ
in a 3-4 IJspIIlSP l~ngth.

4.2. 22-cm I,xperiment (UW). Emphasis has been placed on axial inter-
ferometry in~tle UW experiments in order to accurately measure the radial
electron density profile. I)iamagnctic loops have been located at 5.5 cm and
16.5 cm in order to correlate the plasma line energy witF, the laser heated
pro f~leso The evolution of density profiles produced by the theta pfnch
alone, for a fill pressure po of 1.8 mTorr, is shown by the solid curves on
Fig. 11. The plasma ~ti only parttully ionized, and an on-axis density
minimum can be seen ●O be preeent during the 300 ns implosion, and after
500 ns. Strong laser heating was me&surcd by both diamagnetic loops when
laser heating was initiated before 300 ns or after 500 ns. Figure 12a shows
a typical interferogram for the late time laser heating, and Fig, 12b shows
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J)et~l!lsof these cxpt’rlments are r!>p(]rted els(!wllvrt’ [24]. Som(’ further

concl~ls ions ar~,; (1) timin~ of the las(’r P(]lSP r~’1.~tivcto the main field
rise fnr ~fficient col!]mn hentjn~ is quite sc’nsitive in smal 1 brrrc’ plasma
tllt)(~$; b!]t S}lo(ll(i I)(J IC!<!; sn in r~,;l(.tur size t,lb~,s, (2) peak tt?mp(, ratures in
tt~(, L’W cxpcri~c, nts are ~ovcrnod by free streaming end losses, (3) laser
enci j:y ,l:.ld it inn rt~dllc(,s:11c! tend L’!lcy of tll(’ ~ol umn tu form flutes, (4)
al i~rlr:(’nt of tllc las(’r bC(Im is rnorl’critical at Iligtl(’rf n~lmbcrs, (5) there
is prt’linlnary evitl(rlcettlilt mat(’ritllend p](lgs subscantial]y Lncrcas(> tile

pi;!!; m;] 1 if(’tin(c in acrordanr(? wi t!) pr~,dictions, nnd (6) wal 1 1 Ij:llt-up orc(lrs

or) sor-r(, snots ;in(~ is belicvcILI to he dll(’ to rofrf]. .t ion of tl;(’ou~rr por LirIlls

of tll(’h(,nrl L’) tile tubv wall.
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Fi~,. 1. Stcrenscoptc scrci-ik pl]o[ogr,lph take:l ,It the coil midplane.

~I(;[’RH

Fi;:. 2. Time history of tht, electron and total plasma temp~?rature at the
coil midplan{?, .~ndresults from }1}11)code. Data points from: (.) Thomson

scattcrin};, (0) pressure balance, (4) neutron emission rate plus Thomson
scatterin~.

Fig. 3. Time Ilistory of the energy line density me,~s[lred at the coil
miciplanc’, ,and ?!}{11 code results for open-cnd~ld and end-pluj;j:cd (no axial
flow) the’tn-pinch confi~llrations.

Fix. 4. Time }Iistory of intcrferometr ically drt,”rminerltotal plasma
Invrntory.

Fig. 6. Ablat(jd and ionized cnd-pl(l~: material radial density profil~’s for,
(a) i!!i ,lnd, (b) I.ill end plu~:s.

Fix. 7. ‘rime Ilistory of the cnc>t~y lfnc, c!cnsity measured at tile coil
rnf(!plarle for tll~: opcn- cn(]ed and Lill end-plu~gcd theta-pinch configuriltion.

TF is obtainod from a ]clst sq[lcres fit to tile dat;~ for t ~ 6.0 Ds.

Fii~. 8. Con!parison of the vari:ltion of )1 wfth M as computed from the
tw(j-(ii:~l~’ll:;ion{ll , timt’ dc’prndc~nt (?q(l,[tions witl~ ~;[lidin~ center theory and

d:~t:] from ]inuar Scyllac.

Fj~. 90 Fbdlal str~?akplloto};rnpllof laser hl~,~ted1.5 mTorr D2 theta-pinch
pllnsma.

Fi[~,. 1(7. I.(ascr }Ic,ltcd1.5 mTotr 112theta pinch plasma: (a) comparison of
c)yl)(~rirl(’ntjll and cnlcul:lt~?cidillma~;nctlc signals, (b) calculated plasma
proflle!i.

Fi~o 11. Interfcrometr lcally rnensllredradial density prcfiles for various
tlmus in Lb{?22 cm soicnoid. Solid curves and dasl~cd c~lrves for unheated
and last+r he:ltcd columns, respectively.

Fig. 12. (a) lntcrfcroRram of laser Ilcated plasma in 22 cm solenoid. p. =
1.8 mTorr, laSL:rcnc?rgy 360 J initiated at 220 ns. Picture at 640 ns.
(h) I.ine encr~:y densities versus time for 22 cm laser heated solenoid,
mc:lsurc wit’, cliamagnctlc loops.



Fig. 1. stereoscopic streak photograph taken at the COI1
midplane.
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flaw) Lllctn-pinchconfi~[lrattons.
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